We used cDNA microarrays containing ~9,000 unigenes to identify 486 salt responsive expressed sequence tags (ESTs) (representing ~450 unigenes) in shoots of the highly salt-tolerant rice variety, Nona Bokra (Oryza sativa L. ssp. Indica pv. Nona). Some of the genes identified in this study had previously been associated with salt stress. However the majority were novel, indicating that there is a great number of genes that are induced by salt exposure. Analysis of the salt stress expression profile data of Nona provided clues regarding some putative cellular and molecular processes that are undertaken by this tolerant rice variety in response to salt stress. Namely, we found that multiple transcription factors were induced during the initial salt response of shoots. Many genes whose encoded proteins are implicated in detoxification, protectant and transport were rapidly induced. Genes supporting photosynthesis were repressed and those supporting carbohydrate metabolism were altered. Commonality among the genes induced by salt exposure with those induced during senescence and biotic stress responses suggests that there are shared signaling pathways among these processes. We further compared the transcriptome changes of the salt-sensitive cultivar, IR28, with that of Nona rice. Many genes that are salt responsive in Nona were found to be differentially regulated in IR28. This study identified a large number of candidate functional genes that appear to be involved in salt tolerance and further examination of these genes may enable the molecular basis of salt tolerance to be elucidated.
INTRODUCTION
Salinity is one of the main abiotic stresses to plants, and is often at least partly responsible for low crop yields [1] . Thus, scientists have long sought to understand and improve the mechanisms of salt tolerance in crop plants. To date, multiple components of salt tolerance signaling in Arabidopsis have been identified through genetic, molecular and biochemical methods [2] , and these molecules have been used to engineer salt tolerance in some plants.
For example, SOS1 overexpression was shown to increase salt tolerance in the same plant [3] . Another major breakthrough in salt tolerance research was the elucidation of the CBF/DREB regulation pathway [4] [5] [6] [7] . Under abiotic stress, the CBF/DREB and AREB transcription factors are rapidly induced, and are thus termed the "early-response genes". These factors bind the DRE or ABRE cis-elements found in downstream target genes, such as members of the LEA family, which are called the "delayed-response genes." Overexpression of the Arabidopsis CBF1/DREB1B or CBF3/DREB1A genes increased tolerance to salt, drought and other abiotic stresses in Arabidopsis, tomato and wheat [7] [8] [9] [10] , indicating that these theories and engineering strategies are viable and that Arabidopsis is a good model plant for salt tolerance research.
Comparatively less progress has been made in terms of understanding salt tolerance in rice, a model crop plant. Some rice homologs of known salt tolerance genes have been identified and examined, such as OsDREB1A that improved Arabidopsis salt tolerance when overexpressed [11] . In addition, some salt-tolerant rice lines have been generated by transgenic modulation of salt response gene expression. For example, introduction of the barley HVA1 gene into rice under the control of the rice Act1 promoter significantly increased rice tolerance to drought and salinity [12] . However, although these studies have provided good early clues as to the underlying mechanisms of salt tolerance, the precise signaling pathways remain unknown, largely because salt tolerance is a complex trait controlled by many quantitative trait loci (QTLs) [13] . In addition, the currently known components of salt tolerance do not form a complete picture. Thus, it is necessary to apply modern high throughput technologies, such as microarray analysis, for the efficient, large-scale identification of new genes related to salt tolerance [14] [15] [16] [17] [18] [19] [20] [21] .
Here, we used a cDNA microarray containing ~ 9,000 unigenes to monitor the expression profiles of rice shoots under salt stress, and to identify new salt response genes. We also compared the profiles of salt-tolerant (Nona) and -sensitive (IR28) rice varieties. Our results indicate that many genes, including some previously associated with plant salt tolerance, are differentially regulated in Nona and IR28 following salt stress. These genes may thus be good candidates for future engineering of salt-tolerant crops.
MATERIALS AND METHODS

Plant growth and treatment
The highly salt-tolerant rice variety, Nona Bokra (Oryza sativa, var. Indica), and the salt-susceptible variety, IR28 (O. sativa, var. Indica) were used in this study. The seeds were stimulated to break dormancy and germinated as previously described [13] . The uniformly germinated seeds were sown in 96-well plates from which the well bottoms had been removed. The plates were immersed in distilled water for 2 d at 30 o C, and then transferred to Yoshida's culture solution and grown under a 13-h light (26 o C)/11-h dark (22 o C) photoperiod (photo intensity 240 µm photos m -2 s -1 ). Growth culture solution was renewed every 2 d. After 12 d in culture, the seedlings were used for experiments.
On the salt treatment day, the seedlings in the salt stress treatment group were transferred into fresh culture solution with increased salinity (140 mM NaCl) after they turned to light period for 3 h. Meanwhile, the culture solution for control seedlings was also renewed with normal culture solution.
RNA isolation
The aerial parts of treated and control seedlings were collected, and total RNAs were extracted for microarray hybridization, RT-PCR and Northern blot analysis. For each sample, about 30 seedlings were pooled and immediately transferred into liquid nitrogen. Samples were then ground to a fine powder and extracted with the Trizol reagent (GIBCO BRL, USA), according to the manufacturer's instructions.
Microarray preparation
The rice BiostarP-100s cDNA microarray (United Gene Holdings, Ltd., PRC), containing 10,060 sequences representing ~9000 unigenes including novel, known and control genes, was used to identify saltregulated genes. Gene expression was examined at three time points after salt treatment (20 min, 3 h and 24 h) corresponding to early transient, intermediate and late regulation. All the assays were replicated three times (two repetitions were that control was labeled with Cy5 and treatment was labeled with Cy3; the other repetition was reversely labeled). To control against circadian clock and developmental effects, isochronous seedlings grown in normal solution were used as controls at each time point.
The significantly regulated genes (see below) at each time point were selected for cluster analysis and for inclusion in the salt-induced-microarray (SIM). The SIM consisted of 486 significantly salt-regulated genes identified from the BiostarP-100s cDNA microarray, 69 house keeping genes used for normalization control, and 8 human-specific genes used as negative controls. The utilized genes were amplified by polymerase chain reaction (PCR) of the appropriate rice or human cDNA clones (provided by United Gene Holdings, Ltd., PRC) using T3 and T7 primers. After the resulting products were purified and confirmed by direct sequencing, the fragments were printed on slides using an OmniGrid printer (GeneMachine Co. Ltd., USA).
Preparation of fluorescent probes and microarray hybridization
RNA was fluorescence-labeled in the dark using a Fluorescence Labeling Kit (United Gene, Ltd., PRC). Total RNA (60 mg) from each pooled sample was reverse transcribed. The test RNA was labeled with Cy5-dCTP and the control RNA was labeled with Cy3-dCTP; all reactions were done in the dark. Labeled targets were used for hybridization according the instructions supplied with the Hybridization Kit (United Gene Holdings, PRC). Slides were then washed, and the fluorescent signatures were scanned and captured using a ScanArray4000 Standard Biochip Scanning System (Packard Biochip Technologies, Inc., USA). Data were analyzed using the GenePix Pro 3.0 software (Axon Instruments, Inc., USA).
Data filtration, statistical analysis and cluster analysis
Signals with intensities below 200 were adjusted to 200 (designated as the background level). Spots with both channel intensities less than 800, with 0 non-saturated pixels of one channel, with bad shape or severely contaminative were filtered out. The remaining spots were considered to be good spots and their raw signal intensity data were normalized according to the methods of total intensity normalization. Then cross-slide one-class t-test analysis was performed on the three replicates, and the P value was calculated with Stata statistics software (Stata Corporation, Taxas, USA). The ratio of Cy5 intensity versus Cy3 intensity was calculated for the ESTs that survived a t-test (5% significance). The genes with a ratio more than 2 or below 0.5 were considered to be regulated significantly by the salt treatment. However, genes with one fluorescent intensity signal below 800 were required to have a ratio over 2.5 or below 0.4 to be considered salt-regulated. For further analysis of these genes, the ratios were converted into log2 values and the standard deviations of the three repetitions were calculated. To compare the transcriptome differences between IR28 and Nona, a two-sample ttest analysis was performed. The P values were calculated with Stata statistics software (Stata Corporation, Taxas, USA).
Transcriptome analysis of salt tolerance in rice
To perform cluster analysis, the raw data were further managed as follows: Genes with standard deviations of log2 ratio below 0.4 were considered credible and their log2 values were averaged and used for cluster analysis. Genes with standard deviations equal to or greater than 0.4 were flagged as being potentially non-credible. However, if two of the three repetitions were consistent with each other (standard deviation of log2 values below 0.2, and similar raw fluorescent intensities), the accordant values were considered credible and were averaged for further analysis. The flagged data were considered 'missing data' for cluster analyses. Finally, cluster analyses were performed with GeneMaths software (Applied Maths, Sint-MarternsLaterm, Belgium).
Gene comparing and sequence alignment
Genes and EST sequences that have previously been identified as salt responsive were found according to information [14] [15] [16] [17] [18] [19] [20] [21] . The TIGR rice pseudomolecular database (ftp://ftp.tigr.org/pub/data/ Eukaryotic_Projects/o_sativa/annotation_dbs/) and the KOME fulllength cDNA database (http://cdna01.dna.affrc.go.jp/cDNA/) were also downloaded and used for reference. Unigene matches for the 486 identified E STs (h ttp://w ww.cell-research .com/20 05 10 / EST_sequenses1.txt) were first found in the above databases by local BLAST (Basic Local Alignment Search Tool) searching. Matched unigenes for the previously identified rice genes were then found by using Blastn, while the homologues from previously identified genes from other plants were found by using tBlastx. Finally, the two results were compared; Microsoft Excel and Access software were employed to find those genes that were identical or homologous between this study and previous research.
RT-PCR and RNA gel blot analysis
The microarray results were confirmed by RT-PCR and RNA gel blot analysis. For RT-PCR, primers were designed to amplify specific regions of randomly selected genes. Samples were reverse transcribed using the Reverse Transcription System kit (Promega Corp, USA) according to the manufacturer's protocol, separated by electrophoresis and examined.
For RNA gel blot analysis, total RNA (20 µg) from each sample was separated on 1.0% agarose-formaldehyde gels and transferred to hybond-N + (Amersham Pharmacia) membranes. The membranes were fixed at 80 o C for 2 h and then hybridized overnight at 42 o C with cDNA probes previously labeled with the Random Primer DNA Labeling Kit ver.2 (Takara, Japan). After hybridization, the membranes were washed twice in 2×SSC and 0.5% SDS for 10 min at room temperature, and twice in 0.5%×SSC and 0.1% SDS for 10 min at 42 o C. Finally, the membranes were exposed to x-ray films at -80 o C.
RESULTS
Reproducibility of hybridizations and confirmation by RT-PCR and Northern b lotting
To control against technical and biological errors, we performed homotypic hybridizations and hybridizations between two independent pooled samples under identical conditions, and then plotted raw signals and generated scatter plots to examine the consistency of our results (Fig. 1) . Only 19 probes with low signal intensities fell outside of the range of 2.0-fold relative intensity differences between the two fluorescent dyes (data not shown), and most of the probes clustered tightly near the diagonal of the plot (Fig. 1A) . These results revealed that our falsepositive rate was <0.2% even after being screened only by a factor of 2-fold. In terms of selecting significantly regulated genes across all three replications, the predicted false-positive rate was 8 spots per 10 9 . In contrast, we observed a higher variability between the two independent pooled samples (Fig. 1B) . In this case, 36 probes fell outside the 2.0-fold standard (data not shown), and the scatter plot was slightly more dispersed (Fig. 1) . These results indicate that differences among the samples could affect the results of the pooled samples. However, the signal intensities of most of the false-positive spots were less than 800. Three of 36 false-positive spots in the independent experiment and 0 of 19 false-positives in the homotypic hybridization yielded double-fluorescence signal intensities over 800, and the 3 false-positive spots had ratios ranging from 0.46 to 0.49. Furthermore, among those with one fluorescence signal intensity below 800, only 4 ratio values were <0.4 or >2.5 (data not shown). These observations were used to establish criteria for our subsequent data management and statistical analyses.
To ensure that the statistical analysis applied in our screening of salt response genes was sufficiently stringent, we performed a one-class t-test analysis for three replicates, and then applied a 2-fold or 2.5-fold criterion. This approach resulted in further screening of the genes that had been identified in the t-test analysis (5% significant level). And of the genes determined to be salt-responsive by our fluorescence analysis, 97.5% reached the 1% significance level and ~ 90% reached the 0.5% level, providing further evidence that our methods yielded very few false positives.
To further validate the reliability of our microarray data, we performed RT-PCR and/or Northern blot analysis of 11 randomly selected genes. Five of these genes were tested by Northern blotting, four of which gave detectable signals. The results were in good agreements with the microarray data of the four genes [LIP9 (R0144F10), an unknown gene (R0540C06), a rice kinase (R0018F09) and a 6-phosphogluconolactonase-like protein (R0127E06)] ( Fig. 2A) , while we were unable to detect a signal for R0127E06 (data not shown). An examination of the raw signal intensities revealed that this gene is expressed at very low levels at all three tested time points (data not shown). For RT-PCR, seven genes were randomly selected, and specific primers were designed based on sequences in the 5'-or 3'-UTRs. Most of the tested genes showed good agreement between the RT-PCR and microarray results ( noted, but this may be due to the sensitivity of the applied method. RT-PCR depends on high-quality template RNA that may be affected by extraction and storage, especially when the transcript level is low. In addition, both RT-PCR and microarray analysis are semiquantitative methods that may vary in opposite directions, creating slight inconsistencies.
Approximately 450 unigenes were identified as being salt-responsive Using the BiostarP-100s rice cDNA microarray, we analyzed the rice shoot transcriptome of the salt-tolerant cultivar, Nona, at three time points following treatment with 140 mM NaCl. In total, we identified 486 ESTs representing about 450 unigenes that were significantly regulated in Nona shoots 20 min, 3 h and/or 24 h after salt treatment. These results indicate that about 5% of all genes were transcriptionally altered in salt-stressed Nona shoots, a smaller proportion than the 8% previously identified in salt-stressed yeast [22] [23] or the 11% reported in saltstressed maize [18] .
To further characterize the identified genes, we used sequence alignment to compare those genes with previously identified salt-responsive genes. Among the 450 saltresponsive genes identified in the present study, 68 had been reported previously to be salt response genes in rice (Tab. 1) [14, 19] , and 152 were homologues of genes that had been identified as salt-responsive in other plants, such as Arabidopsis, barley and maize (Tab. 1) [15-18, 20, 21] . After deducting overlapping genes, the identified group of genes included 175 genes (~40%) that had been previously associated with plant salt tolerance or salt stress responses, while the remaining 325 (~60%) represent novel candidate rice salt tolerance genes (Tab. 1). Among those novel candidate genes, 20 had no identifiable homologies to entries in the TIGR rice pseudomolecular database (ftp://ftp.tigr.org/pub/data/ Eukaryotic_Projects/o_sativa/annotation_dbs/) or the KOME full-length cDNA database (http://cdna01.dna. affrc.go.jp/cDNA/) (Tab. 2).
We performed hierarchical cluster analysis of our transcriptome data, which revealed that the identified ESTs could be classified into at least 5 distinct groups: early transient response genes (Group I), intermediate up-regulated genes (Group II), long term up-regulated genes (Group III), intermediate down-regulated genes (Group IV) and long term down-regulated genes (Group V) (Fig. 3) . Here, 'intermediate' and 'long term' mean to response only at 3 h and to response till to 24 h, respectively.
Group I: The genes induced immediately after salt stressed were mainly those coding transcription factors and kinases
The early transient response cluster (Group I) a The right column shows numbers of genes which or which homologs were both identified in this paper and each previous report. These previous reports had also overlap genes with each other. Thus, the numbers in the middle column and the left column are smaller than the corresponding sum of data in the right column.
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previously reported up-and down-regulations of early responsive salt genes in the roots of a salt-tolerant rice line [14] , all of the Group I genes in Nona shoots were upregulated (Suppl. 1, http://www.cell-research.com/ 200510/supplemental_table1.xls). Within this cluster, the largest functional category of identified genes (not counting the unclassified proteins) was the transcription regulator category, which comprised 28.57% of the Group I genes (Tab. 2). This category contains eight ESTs (7 unigenes) encoding transcription factors (TFs) or TF-related factors such as a calmodulin-binding transcription factor, a PHD-finger, a Zinc finger, a NAC transcription factor and other DNA-binding proteins (Suppl. 1). Among them, the NAC transcription factor had been previously associated with dehydration [24] , while the others are newly identified as salt early transient response TFs.
The second main functional category of identified early salt responsive genes contains the kinases, comprising 5 ESTs representing 4 unigenes (Tab. 2). Of these, OsCDPK7 (R0157C06 and R0274A08) was shown to be transiently induced in stressed plant organs [14, 25] , and its overexpression increased rice tolerance to salt stress [26, 27] . In contrast, the other three kinase genes were newly identified as salt induced genes.
Groups II and III: Many damage control or repair, growth inhibition and ion and osmotic homeostasis genes were up-regulated during the intermediate and long-term periods
Of the 334 ESTs significantly up-regulated in Nona plants after 3 and 24 h of salt treatment (Suppl. 1), 278 were clustered into Group II, which is the largest cluster, containing 57.20% of all significantly regulated ESTs (Tab. 2). In Group II, the largest identified functional category (not including the unclassified genes) comprised the metabolism-related genes. Of the total ESTs in Group II, 65 (23.38%) corresponded to metabolic enzymes (Tab. 2), some of which have also been implicated in various detoxification pathways. In addition, multiple putative and/or known cell senescence genes clustered into this category, including cysteine protease (R0049D05 and R0127B07), asparagine synthase (R0169E12 and R0577D11), nuclease (R0350G04) and P450 (R0063A10). Interestingly, senescence-related genes were also found Group I, Group III and other categories of Group II. These included aspartic proteinase (R0008B09 and R0010F11), ClpC protease (R0386F08) and type 1 metallothionein (R0058B01) in Group III, NAD-dependent malate dehydrogenase (R0166E11) in Group I and polyubiquitin (R0373A03) in functioning in repair, including the heat shock (DnaJ and Clp) and DNA repair proteins; 3) those acting to maintain osmotic balances or homeostasis, including genes encoding three LEA family proteins, eight trehalose synthesisrelated enzymes and a phosphomannomutase; and 4) the disease resistance-like genes and other stress-induced genes, included four resistance protein genes (R0021A12, R0177A06, R0310H01 and R0523H02) and the chitinase gene (R0001C04).
Further examination of the genes classified into Group II suggested that signal transduction and ion transport were activated during the intermediate time period of salt stress in Nona rice. Group II included 14 signal transduction ESTs, comprising 60.87% of the total salt-responsive signal transduction molecules identified in our work (Tab. 2). These included three phosphatase 2Cs (Suppl. 1), homologs of which have been associated with abiotic stress signaling in Arabidopsis [28] [29] [30] . Interestingly, two ethylene insensitive 3 (ENI3) ESTs and two sensory transduction histidine kinase were also contained in Group II, along with 17 transport molecules (60.71% of all transport molecules identified in this work) and 11members related to ion transport (Suppl. 1).
Group III contained only 56 members (Tab. 2), indicating that most of the up-regulated genes were transiently induced. The largest identified category in Group III was that containing the metabolic enzymes, which had 8 members and comprised 14.29% of Group III. This category included genes encoding two aspartic proteinases, which could also be involved in cell senescence. The defense or detoxification category contained 7 members (12.50% of Group III) including two glyoxalases, two heat shockrelated proteins (a DnaJ-related protein and a ClpC protease) and several other well-document salt induced genes such as osr40c1, rgMT-1 and SalT (Suppl. 1). The glyoxalase genes are vital to plant salt tolerance [31] , and the expression of Glys in Arabidopsis is controlled by transcription factors of the NAC family [24] . In support of this, we identified a NAC transcription factor in Group II and a NAC binding motif (CACG) in the upstream sequence of our identified Glys.
Groups IV and V: Photosynthesis and carbohydrate synthesis genes were down-regulated during the intermediate and long-term time periods
The down-regulated groups were dominated by metabolic genes, which comprised 35.09% and 35.82% of Groups IV and V, respectively (Tab. 2). Many of these genes encode enzymes responsible for catalyzing carbohydrate metabolism (Suppl. 1), perhaps leading to accumulation of osmolytes, energy or materials during the salt stress response. For example, down-regulation of the two GDP-mannose dehydrogenase ESTs (R0489B04 and R0605A10, Group IV) could contribute to the accumulation of mannitol, as could down-regulation of the seven sucrose synthase transcripts identified in Group V [32] .
The relatively smaller photosynthesis category contained only 5 members (1% of all 486 ESTs), four of which were down-regulated over the intermediate or long-term (Tab. 2). This observation seems to indicate that salt stress decreases photosynthesis is not only due to physical damage, but also results of the gene regulation.
The salt-response transcriptomes differ in salt-tolerant and salt-responsive rice shoots
To compare the transcriptional regulation of salt-hypersensitive and -tolerant varieties, we investigated the expression pattern in salt-stressed IR28 of those genes identified in Nona shoot using the salt-induced microarray (SIM) derived from the BiostarP-100s rice cDNA microarray (see Materials and Methods). We found that although the expression patterns of many genes were similar in Nona and IR28 shoots, 69.3% of the salt-responsive ESTs identified in Nona were more or less differentially (t-test P < 0.05) expressed in IR28 at one or more time points (Fig. 4 ; Suppl. 2, http://www.cell-research.com/ 200510/supplemental_table2.xls). Interestingly, 60.7% of Group I and 65.9% of Group III and Group V genes were differentially regulated (by a factor of 1.5-fold or more) at 20 min and 24 h after salt treatment, respectively, while only 51% of Groups II and IV were differentially regulated at 3 h. Similarly, when we compared the common significant-response genes (those showing >2.0-fold changes and surviving the statistical analysis) we found that Nona and IR28 shared more differentially regulated genes at 20 min and 24 h than at 3 h (Fig. 5) . Our results are comparable to a previous study comparing expression patterns in the roots of salt-stressed Pokkali and IR29 [14] , which also found that the two varieties shared fewer response genes at 3 and 6 h post-treatment than at the 1 h time point.
We identified 81 ESTs that were significantly differentially regulated (the ratio of the regulation ratio in Nona vs that in IR28 was >2.0 or <0.5 fold, and the difference between Nona and IR28 reached the 5% significant level) between salt-stressed Nona and IR28 shoots (Tab. 3), and found that they covered all functional categories. Among those significantly-differentially-regulated ESTs, 23 functioned metabolism, 9 functioned Cell Defense or antioxditant, 8 functioned kinases and 5 were novel ESTs (no hits). Interestingly, almost all of those very-differentially-regulated ESTs were weakly or not induced or repressed in salt-stressed IR28 shoots comparing to that in Nona (Tab. 3). Some of these weakly/not-induced genes had been proved to play very important roles in salt tolerance of rice or other plants, such as OsCDPK7 [26, 27] , the protein phosphatase 2C gene [28] [29] [30] , the SYP gene [33] and glyoxalase gene [31] (Tab. 3) . These observations seem to indicate that failure of expressional regulation of these salt tolerance genes may govern at least part of the salt hypersensitivity seen in IR28.
However, we also found a number of genes that were regulated to a higher degree in salt-stressed IR28 than in salt-stressed Nona (Tab. 3). This group included SalT (R0123D10), encoding a salt-induced lectin-like protein (Tab. 3) [34] . Previous work showed that treatment with trehalose improved rice saline tolerance but suppressed SalT up-regulation, while proline treatment increased the growth inhibition of salt-treated rice and up-regulated SalT [35] . These previous observations and our results may suggest that lower SalT expression in Nona might be a sign of tolerance to salt stress. In addition, the SalT low level expression in Nona could be mediated by trehalose, since genes encoding trehalose synthases (e.g. the TPP gene, R0049E02; Tab. 3) were up-regulated more in Nona than in IR28 (Suppl. 2).
DISCUSSION The microarray analysis reliably detected positive genes
Although microarray has been shown to be a powerful tool for researching transcriptome changes, controlling data quality remains a challenge. To control against negative results due to individual differences, our samples were pooled from more than 30 seedlings. To examine whether our pooling protocol impacted the microarray results, we compared the results of two hybridizations with the same RNA sample, and those of two independent RNA samples taken under identical conditions. Our results showed that although there was some biological variation, the data interpretation was not affected, particularly when we used stringent criteria for screening positive ESTs.
Screening of differentially expressed genes has long been a topic of great interest and a particular challenge for microarray analysis. In the early years of microarray research, "positive" genes were often identified by a dogmatic criterion, such as a 1.5-fold, 2-fold, 3-fold or even 5-fold change. This method can not resolve the conflict of type I and type II errors. In recent years, increasing numbers of researchers have incorporated statistical hypothesis testing into their gene screening methodologies. The statistical methods that have most commonly been used are a one-class t-test or SAM (Significance Analysis of Microarrays). However, concerns about the limitations of these methods have been raised. For example, the oneclass t-test applies statistics to evaluate whether there is a significant difference: t =M ave /(s/n 1/2 ), where M ave is the average of Log2 ratios of replicates, s represents the standard deviation and n represents the number of replicates. Although the one-class t-test is generally a good selection for statistics analysis, a gene that is not differentially regulated, that is its M ave is near 0, could appear to be significant if its M values across replicates are very near to one another. This type of error is more likely to occur when there are few replicates. Microarray replicate numbers however are limited by cost.
To limit findings of false positive genes, we not only performed a one-class t-test for positive gene screening in Nona shoot and a two-group t-test for detecting those genes that are differentially regulated between Nona and IR28, we also applied a dogmatic criterion (2-fold). This strategy enabled us to achieve a marked decrease in false hits. Although this strategy for screening positive genes or detecting differential regulation genes may increase the rate of false negative determinations and therefore result in some important genes being missed, for the present aims it was most important in our view to reduce the false positive level and to thereby minimize the influence of false hitting upon data interpretation. Our results were further validated by Northern blotting and semi-quantitative RT-PCR experiments for 11 randomly selected salt-responsive genes identified by our microarray analysis.
Identification of numerous novel, previously unidentified salt response genes
Plant salt tolerance is a complex trait controlled by multiple factors. Although a number of salt tolerance-related genes have been cloned, we do not have a full understanding of the plant mechanisms used for coping with salt stress. In Saccharomyces cerevisiae, ~8% of the entire genome was found to be affected during salt stress [36] . Even if a similar degree of expression change occurs in rice, there might be ~5,000 genes responding to salt stress. This logic predicts that there should be a large number of as yet unknown salt response genes, although several excellent studies have previously revealed many salt response genes in rice [14, 19] or in other plants [15] [16] [17] [18] [20] [21] . Here, we identified ~450 salt response genes in Nona rice. However, of the identified genes, only 175 (~ 40%) had been reported previously in rice or other plants, while 325 (~60%) genes were newly identified salt responsive genes (Tab. 1). Thus it appears that there are a large number of genes that are involved in salt response in rice.
There are two factors that may have contributed to the identification of many novel salt response genes in this study. The first is that there was a greater number and greater variety of cDNA sequences contained in the microarray used in this study than used in those previous studies, which were all smaller than 10k (Tab. 1) [14] [15] [16] [17] [18] [19] [20] [21] . Secondly, there is spatio-temporal specificity in the induction of salt response genes. For example, in Arabidopsis the salt response genes in shoot might differ from those in root [16] . Our findings suggest that great differences also exist between rice shoot and root. We found that 54.4% (31 of 57) of salt response genes previously identified in whole rice plant were also found in this study [19] , while only 19.6% (42 of 214) of those in rice root were identified in this study (Tab. 1) [14] . Comparison between the genes identified in this study and those of previous studies in barley yields a similar consistency (Tab. 1). Also consistent with previous studies, we found that most of the identified salt response genes were expressed in a transient pattern (Tab. 2) [14] [15] 18] . This study used shoots of a salt tolerant rice variety and different organs from those of previous studies as research material. Thus it should not be surprising given the spatio-temporal specificity of salt response gene induction that our experiments would reveal many novel salt response genes are identified.
Newly identified genes could be candidates for salt tolerance engineering
Some of the previously reported genes, such as those encoding GlyI, OsCDPK7, and family members of protein phosphatase 2C, syntaxin and trehalose synthase, had been previously identified through classical and reveres genetics, and are thought to be good candidates for engineering salt tolerance in crops. Some classical salt response genes, such as the DREBs [8] [9] [10] [11] and HVA1 [12] , have already been used to engineer salt-tolerant plants. The results from these engineered plants have suggested that salt-induced genes have potential value for improving plant stress adaptation mechanisms and improving salt tolerance in crops. Thus, further examination of the newly identified salt response genes will be warranted to determine if any or all could be used as novel candidates for salt tolerance engineering.
Some salt tolerance-associated genes may be constitutively expressed in Nona
We observed a slightly smaller percentage of overall genes regulated in response to salt treatment in Nona (5%) versus the proportions identified in yeast (8%) and maize (11%) [18, 22, 23] . This could be because we examined fewer time points than the previous studies. Alternatively, it is possible that some of the genes that are salt-induced in other plants are constitutively over expressed in Nona. This latter explanation seems likely, as tolerant varieties often constitutively express some of the tolerance-related genes [20] . This hypothesis could be directly addressed by performing transcriptome analysis of a salt sensitive rice line and Nona without salt stress. However, considered many phenotypes between Nona and other rice lines are different, the identified differentially expressed genes may be not all related with salt tolerance.
Multiple regulation pathways may be involved in salt stress
A previous study reported that there were genes in rice root that responded after just 15 min of salt shock [14] . Although such quickly responding genes were few in number, they may be critically involved in transcriptome reprogramming under salt stress. In the previous report, there were 6 genes upregulated (log-10 ratio > 0.2) and 9 genes downregulated (log-10 ratio <-0.2) in the Pokkali root after 15 min of salt shock [14] . However, with the exception of OsCDPK7, the functions of most of these were not known [26] [27] .
Here we examined the transcriptome of Nona shoot after 20 min of salt shock to capture the induction of instantaneous response genes. Contrary to the previous study, we found that all of the 28 identified salt instantaneous response genes in Nona shoot were upregulated (Suppl. 1). These findings suggest that the salt induced transcriptome reprogramming and gene regulation pathways in shoot differ from that in root. Interestingly, further analysis of this group of genes, which were mainly clustered into Group I, showed that the majority of them were transcription factors and kinases (Tab. 2). Thus kinase and transcription activation are implicated as very early events of transcriptome reprogramming of rice shoot under salt stress. Furthermore, these multiple TFs are comparable with DREBs/CBFs, RD22BP and AtMyb, which act as early salt response genes by controlling the downstream delayed response genes [36] . Researchers believe that there are multiple regulatory pathways involved in environmental stress acclimation [6] . Consistent with this hypothesis, Tran et al. found three ERD1 (a dehydration stress response gene) upstream regulators in Arabidopsis, all of which belong to the NAC transcription factor family and target abiotic stress response genes [24] . The OsNAC8 transcription factor we identified as a salt-responsive gene in Nona (Suppl. 1) could be an ortholog of these genes. In addition, our clustering analysis revealed that a number of genes clustered into Groups II and III, including Clp, DnaJ and GlyI, possess NAC core DNA binding sites in their promoter regions (data not shown). Thus, our results are consistent with the notion that the rice transcriptome is regulated via multiple pathways during salt stress.
Many of the salt tolerance genes are rapidly induced in Nona
The adaptive response of plants during salt stress was believed to include three aspects: ion homeostasis, damage control and growth regulation [36] . At the gene expression level, these factors should be controlled by the regulation of three functional gene categories: transport, cell defense and detoxification, and metabolism and energy (photosynthesis). Our results showed that the salttolerant Nona line showed rapid induction of the cell defense and detoxification genes following salt treatment. Within 3 h, 76.5% of the identified genes in this category had been up-regulated (1 in Group I, 37 in Group II and 1 in Group III) (Tab. 2, Suppl. 1). This rapid response is vital to salt tolerance, because high salt may lead to rapid stress damage that quickly becomes irreversible. Our observation that the detoxification category predominated in Group II suggests that damage repair is a vital cellular process in salt-tolerant rice shoots 3 h after salt stress treatment. These genes function in every aspect of damage control or repair, playing roles in removal of ROS and other stress induced toxins, repair of proteins and DNA, protection against enzyme activity, and maintenance of osmotic homeostasis. Some of these genes (Tpp, Clp, DnaJ and Glys) were differentially regulated in IR28 versus Nona, indicating that their decreased expression in IR28 shoots may contribute to the hypersensitivity of this line to salt (Tab. 3, Suppl. 2). Interestingly, 6 other detoxification genes were down-regulated in Nona (1 in Group IV and 5 in Group V) (Tab. 2), suggesting that they may play non-detoxification roles in salt-stressed shoots. Furthermore, we identified rapid induction of multiple transport-related genes, which are likely related with ion homeostasis. Almost all (26 of 28) transport-related genes responded within 3 h of treatment (Suppl. 1); 60.71% were clustered into Group II and 21.43% were clustered into Group IV. Finally, the rapid down-regulation observed in the photosynthesis-and metabolism-related genes likely reflects the growth inhibition observed in salt-stressed plants.
Crosstalk appears to occur between the salt stress and senescence pathways, and the abiotic and biotic stress signaling pathways When plants are exposed to environmental stress, they often show senescent phenotypes such as leaf scorch. Previous work has shown that pathogen infection activates genes that are normally induced during senescence, suggesting that senescence may be involved with plant defense [37] . Here, we found that salt stress also induced multiple senescence-associated genes, suggesting that salt stress may induce leaf senescence. This response could help the plant adapt to salt stress in a number of ways, including decreased transpiration in senescent leaves, diversion of energy and food resources to the tender leaves and SAM (shoot apical meristem), and protection of important organs by accumulation of toxic ions in the senescent leaves. Interestingly, we also found that some disease resistance-and defense-associated proteins were affected by salt treatment of Nona shoots, further indicating that crosstalk may occur between the salt stress and biotic stress pathways. While such crosstalk has been reported previously [38] , this is the first time that up-regulation of R genes (resistance genes) has been reported in response to salt stress.
The shoot transcriptomes differ between salt-sensitive and -tolerant rice lines
Finally, we compared the salt response gene expression patterns of salt-sensitive and -tolerant rice lines during salt stress to better elucidate the mechanisms of plant adaptations to salt stress. Previous research on the root transcriptomes of salt-sensitive and -tolerant rice varieties (Pokkali and IR29) during salt stress revealed that expression of the salt response genes was disordered and delayed in the salt-sensitive IR29 line [14] . However, the present work is the first report of differences between the shoot transcriptomes of salt-sensitive and -tolerant lines, in this case IR28 and Nona, respectively.
Consistent with the previous report in roots, we found that the shoot transcriptome of salt-stressed IR28 was greatly disordered in comparison with that of salt-stressed Nona. About 70% of the salt responsive ESTs showed transcription-level differences between IR28 and Nona following salt stress. Some of the differentially expressed genes have been previously associated with plant salt tolerance, including the genes encoding glyoxalase [31] , syntaxin [33] , protein phosphatase 2C [28] [29] [30] and OsCDPK7 [26] [27] . As it is likely that these differentially expressed genes are generally involved in salt tolerance/ sensitivity, they should be considered as good candidates for future engineering efforts. Interestingly, we found that the transcriptomes of IR28 and Nona differed more dramatically at 20 min and 24 h after salt treatment versus the 3 h time point. This seems inconsistent with the concept of early response genes controlling delayed response genes during salt stress [36] . One possible explanation for the difference at 20 min is that the immediate response genes are delayed in IR28 relative to Nona; this phenomenon has been seen in the root of another stress-sensitive variety [14] . Although the genes regulated at 3 h might also be delayed, the difference could be lessened by the spans of the response. Under this paradigm, the greater difference at 24 h might mainly result from upstream cascades that are activated differently in IR28 versus Nona.
In conclusion, this report identified 486 salt response ESTs in rice shoot, and about 60% of these genes were newly identified, which suggests that a large number of salt response genes had previously remained unidentified. Our findings may provide more candidate genes for engineering salt-tolerant crops. Further analysis of the ESTs revealed multiple regulation pathways in addition to CBF pathway might be involved in reprogramming of saltstressed rice, and the rapid response of detoxification-, protectant-and transport-related genes might contribute to the high level salt tolerance of Nona. Transcriptome analysis of Nona also indicated that crosstalk might occur between salt stress and leaf senescence, as well as between salt stress and biotic stress. Comparing of transcriptomes of salt-tolerant and -sensitive varieties indicated the different transcriptome and failure response of vital salt tolerance-related genes might be important reasons of the sensitivity of IR28. These findings may greatly contribute to a better understanding of rice tolerance to salt stress.
